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Introduction
In the absence of arbitrage, two assets providing identical future payoffs must trade at the same price. In an efficient market, any deviation from no arbitrage values must trigger an immediate reaction from market participants, and the rapid disappearance of the mispricing. However, empirical evidence shows that assets can sustain prices that deviate from no arbitrage values for protracted periods of time, suggesting that traders are constrained in their arbitrage activity.
Hence, the persistence over time of an arbitrage opportunity should be related to the difficulties that traders confront when they seek to exploit mispricing. In this paper, we investigate this conjecture by analyzing the relationship between the intradaily persistence of deviations from put-call parity on the French index options market and the constraints induced by market liquidity.
The literature on limits to arbitrage identifies various factors that are likely to impede the arbitrage process. First, some deviations may be impossible to arbitrage due to short sales Liquidity is another limit to arbitrage that is increasingly attracting attention. Liquidity is a major determinant of arbitrageurs' activity because illiquid markets complicate the completion of trades and make arbitrage both more risky and more costly. The fact that we focus on index derivatives makes liquidity all the more critical because the underlying asset is a basket of many stocks. On index futures markets, Roll, Schwartz and Subrahmanyam (2007) show that the basis mean-reverts faster when the market is more liquid. On index options markets, Kamara and Miller (1995) provide evidence that deviations from put-call parity are related to proxies for liquidity risk.
In this paper, we develop a structural approach that allows us to relate the duration of arbitrage opportunities to liquidity factors. The speed with which the market reverts to no arbitrage is computed as the time it takes for arbitrage profits to revert to zero after a deviation from putcall parity. We term this measure the time to no arbitrage (TTNA) after Deville (2004) . The effect of liquidity factors on this length of time is modelled through survival analysis using an accelerated failure time specification.
Using a sample that comprises the entire set of transactions recorded for the French CAC 40 index options from August 1, 2000 through July 31, 2001, we establish several properties of the TTNA. First, we find that TTNA durations exhibit a decreasing hazard rate. The longer an arbitrage opportunity persists, the lower is the probability that it will disappear in the next instant. Hence, deviations that are not quickly exploited may last for a substantial period of time, implying that these opportunities are not valuable enough to trigger reactions from market participants. Second, after controlling for conventional limits to arbitrage (short sales restrictions, trading costs), we show that liquidity-linked variables, such as the volume in the index constituent stocks and in the options market, the imbalance between put and call options volume and the time to maturity are critical for the speed of reversion of arbitrage profits. Third, our sample also allows us to study how the market reacts to the relaxation of a limit to arbitrage through a natural experiment, namely the inception of the first Exchange Traded Fund (ETF) that replicates the evolution of the CAC 40 index. In a controlled environment, we find that the existence of the ETF is associated with a faster reversion to a state of no arbitrage, but that the major effect of the ETF is to lower the size of initial arbitrage profits.
Our paper is related to the extensive literature on options market efficiency that is based on tests of arbitrage relationships, among which put-call parity has been the most extensively studied.
1 A major limitation of these tests is that they focus on one dimension of the arbitrage issue, namely the size of arbitrage profits. Although such profits are important when characterizing failures of the no arbitrage relationship, we think that an even more important -and complementary -dimension with respect to this issue is the speed at which the market reacts when a deviation occurs. The approach that we use combines both these two dimensions and thus captures more precisely the effects of the limits to arbitrage. Ex ante tests can be viewed as an attempt to introduce a dynamic perspective in the computation of arbitrage profits. Kamara evidence that the reversion of the basis on S&P 500 futures contracts occurs faster when aggregate NYSE liquidity is high. Assuming that the basis is governed by an Ornstein-Uhlenbeck process, they infer the speed of reversion from the value of the mean-reverting parameter. One advantage of our approach over theirs, is that it allows to compute the actual reversion time and to model directly the effect of the trading environment on this duration.
Our paper is also related to the growing literature on ETFs. ETFs aim at replicating the performance of their benchmark indices as closely as possible, but unlike conventional mutual funds they are listed on stock exchanges and can be traded intradaily. Therefore, the advent of ETFs removes some of the obstacles that prevented arbitrage trades in index derivatives markets.
On index futures markets, consistent with this hypothesis, Park and Switzer (1995), Switzer,
Varson and Zghidi (2000) and Kurov and Lasser (2002) show that the size and frequency of deviations decrease once ETFs are traded. On options markets, Ackert and Tian (1998, 2001) find no significant relationship between the occurrence and size of arbitrage profits and the existence of ETFs either on the Toronto Stock Exchange or on the CBOE. However, their analysis relies on closing data and is essentially based on pre-/ post-introduction comparisons, whereas our work uses intraday data and controls for differences in market conditions.
The remainder of the paper is as follows. Section 2 details how we measure the persistence of arbitrage opportunities and briefly reviews survival analysis methodology. Section 3 describes the data. Section 4 presents the empirical results of our analysis of the arbitrage process.
Section 5 analyzes the implications of our results through a sensitivity analysis. We conclude in Section 6.
The survival time of put-call parity deviations
We consider deviations from put-call parity (PCP). By focusing on periods when PCP is violated, we can identify forces that drive prices back to no arbitrage values without resorting to an option pricing model. We briefly present the well-known put-call parity relationship and our time to no arbitrage measure. Next, we review the specification of survival analysis, which we employ to identify variables that affect the elapsed time to no arbitrage.
PUT-CALL PARITY RELATIONSHIP AND ARBITRAGE PROFITS
Under no arbitrage, whenever put and call options with the same characteristics (exercise price and maturity) exist, their premia must satisfy the put-call parity relationship 2 . Define C t and P t , the premium at date t of European call and put options on one index share expiring at date T with an exercise price of K; I t , the index value at date t; r, the risk-free interest rate from date t to date T and D, the present value of dividends paid by the index constituent shares from date t to date T , expressed in index points for one index share. The put-call parity is:
If equation (1) does not hold, the call option is either under-or over-valued with respect to the put option and an arbitrage portfolio can be constructed by taking opposite positions in the 'real' and the synthetic call option. These strategies are termed 'long hedge' and 'short hedge', respectively, depending on the position that is held on the underlying asset. The initial positive flow, π i,t , generated by the arbitrage strategy i is:
where q i takes on the value +1 for long hedge deviations and the value −1 for short hedge deviations. This initial flow represents the ex post arbitrage profit that is obtained from the construction of the portfolio at time t. The portfolio is held until expiration, at which time inthe-money options are exercised and the index position closed out, leading to a zero terminal payoff. Conventional arbitrage-efficiency tests on options markets are based on the level of potential profits that can be earned from the exploitation of such opportunities.
TTNA AS A MEASURE OF MARKET (IN)EFFICIENCY
The measure of arbitrage efficiency of derivatives markets that we use is the time to no arbitrage, developed in Deville (2004). We use the term TTNA to measure the elapsed time required for market prices to revert to no arbitrage values, once a deviation has been identified. We compute TTNA as follows. We first match pairs of synchronous transactions of calls and puts having the same characteristics. We compute the initial (ex post) arbitrage profit using equation (2) as a function of prices P t , C t and I t at pairing time, t. If the long hedge (short hedge) profit is positive, the pair is classified as a long hedge (short hedge) deviation to put-call parity. We update the value of the three components of the arbitrage portfolio (put, call and index) each time a new transaction occurs 3 and/or the index value changes. The profit resulting from the construction of the arbitrage portfolio is then re-computed with the new set of prevailing prices using equation (2). The updating process terminates when the profit reaches or drops below zero, at which point prices are compatible with no arbitrage. The time to no arbitrage is thus the elapsed time for the arbitrage profit to go to zero prior to the market close.
Given a profit value π i,t greater than zero 4 at pairing time t, TTNA i is thus defined as:
The set of options transactions prices and index values recorded before the market close does not necessarily induce a return to no arbitrage prices. After the close, no information regarding the index value or options prices is disseminated until the opening of the market on the following trading day. Rather than use opening prices to continue the computation of TTNA on the next trading day, we terminate our calculations just before the close and refer to this time as the time to censoring. The motivation for this choice is threefold. First, the mechanism by which stock prices, and therefore index values, are determined at the market opening and close (call auction)
differs from the one that prevails during the trading session (continuous market). Second, an arbitrary addition of 15.5 hours (the duration of the overnight market closure) to the calculated TTNA would imply that prices did not revert to no arbitrage values in the interim. Third, none of the factors that might explain the persistence of arbitrage opportunities are observable over this period. However, to take into account the possibility that prices may not have converged by the market close, we work with a right-censored distribution of TTNA. For censored observations, the censoring time provides a lower bound for actual duration of deviations, a feature that is explicitly accounted for in our estimations.
THE USE OF SURVIVAL ANALYSIS
Survival analysis provides a means both to model the influence of explanatory variables on times to event and to accommodate censored observations in an efficient way. We briefly review the relevant econometrics.
Let T be a continuous random variable that represents the duration of an arbitrage opportunity. The associated p.d.f. and c.d.f. are denoted f (t) and F (t), respectively. Throughout the analysis, we consider an observation to be 'alive' as long as the profit resulting from an arbitrage portfolio remains strictly positive. An observation is considered 'dead' when the portfolio leads to a profit that is less than or equal to zero.
Our study relies on three basic quantities. The survival function, S(t) = 1 − F (t), gives the probability that an event -that is, an arbitrage opportunity -survives beyond time t. The hazard function, h(t) = f (t)/S(t), expresses the probability that an event that has persisted up to time t will terminate in the interval [t, t + dt). We use the integrated hazard function Λ(t) = − log[S(t)] to perform graphical checks of model adequacy, as discussed in section 4.3.
We assume a parametric form for the distribution f (·) of the TTNA, which allows direct computation of the likelihood function for the data. Uncensored observations provide information about the probability that an arbitrage opportunity i has survived to its associated time to no arbitrage, which is equal to the density of T at that time, t i . For right-censored observations, we know only that the true time to no arbitrage is greater than the censoring time C i . Under the assumption that the censoring time C i is independent from the true time T i , 5 we obtain the likelihood function as:
where t i = min(T i , C i ), and δ i = 1 {T i ≤C i } is a dummy variable that takes on the value one for uncensored observations and zero otherwise.
Among the alternative structures for the distribution that T may be assumed to be drawn from, we focus on the Weibull distribution since it is both fairly general and mathematically tractable. The Weibull distribution is a two-parameter distribution whose p.d.f. is:
with α > 0 the shape parameter and λ > 0 the scale parameter. 
where γ ′ = (γ 1 , . . . , γ p ) is a vector of regression coefficients and U is the error distribution.
This approach is the classical accelerated failure time (AFT) approach, where the effect of the explanatory variables in the original time scale is to accelerate (decelerate) time by a constant factor exp(−γ ′ Z) when γ is negative (positive). Combining the AFT specification with the Weibull for the baseline distribution, the likelihood function in the presence of right-censoring is given by:
where σ = 1/α, and f U (·) and S U (·) denote the p.d.f. and the survival function of the standard extreme value distribution, respectively.
Time to no arbitrage statistics
We investigate the determinants of TTNA for the CAC 40 index options contract for the 12- A matching pair is defined as a call and a put that have the same characteristics (strike price and expiration month) and are traded within a one minute interval. Each pairing is associated with the index value prevailing at the same time, thus avoiding asynchronous bias. We impose the usual exclusion criteria to remove unreliable and/or uninformative quotes from our sample.
Options with less than two days and more than one year to expiration as well as trades recorded with a premium less than two index points are excluded from the sample. These observations account for 7.55% of the 170,946 recorded transactions (78,887 call and 92,059 put options).
We also exclude from the initial sample 216 pairings for which at least one of the index constituent stocks is subject to a trading halt or suspension. The final sample consists of 4,036 matching pairs, of which 1,621 were recorded before the introduction of the ETF and 2,415
afterwards.
[ Table 1 about here.]
The sample of pairings is broadly representative of general options market activity. As reported in Table 1 , about 80% of the pairings correspond to options series that are less than one month to maturity, and the number of pairings decreases with time to maturity. This pattern is consistent with the trading activity on the put and call options series on the MONEP, which is highly concentrated on the nearby maturity. Figure 1 depicts the intraday activity of both put and call options transactions for fifteen-minute intervals. Trading activity decreases slowly from the market opening until 2:00 pm and then increases throughout the afternoon, reaching its maximum at the close. The distribution of pairings follows the same intraday trend. Although the number of matched pairs increases when activity is higher, a substantial number of matching pairs is also recorded in the middle of the day, when the activity is at its lowest.
[ Figure 1 about here.]
Also reported in Table 1 are the times to censoring (Panel A) and times to efficiency (Panel B), computed for the full sample, and for pre-and post-introduction of the ETF samples. 9.76% of the matching pairs are censored since they do not revert to no arbitrage levels before the market close. For the entire period, the mean (median) time to censoring is 105:12 minutes (31:46 minutes), with a very significant decrease after ETF is introduced: the mean time almost halves and the median time falls to one fifth of its previous level.
[ not persist for more than five minutes but it takes more than one hour for prices to reach levels compatible with no arbitrage for 11.18% of the uncensored observations, and the maximum TTNA is greater than six hours.
Overall, the market displays considerable efficiency in the sense that prices typically revert to no arbitrage levels rather quickly but there also appears to be a considerable degree of variability in the reversion process. The introduction of the ETF is associated with shorter durations since the central values of times to efficiency decrease significantly after the ETF is introduced.
This finding suggests that the possibility of trading the index through the ETF enhances the linkage between the options and their underlying markets. However, this preliminary analysis does not account for possible differences in the trading environment that are known to affect arbitrage efficiency (Kamara and Miller, 1995) . The analysis we conduct in the next section specifically addresses this problem.
Survival analysis results
In this section, we examine various factors that influence the persistence of arbitrage opportunities. We first define the specified explanatory variables. We next report the empirical results from the survival analysis and check for the adequacy of our parametrization. Finally we test the robustness of our results in a framework that accounts for the possibility of stale prices.
SPECIFICATION OF EXPLANATORY VARIABLES
The theory of limited arbitrage posits that arbitrage is risky, costly and subject to short sale restrictions. We specify explanatory variables that capture the intensity of these limits at the time matched options trades deviate from put-call parity. High volatility levels of the underlying index increase the likelihood of adverse price movements during the creation of the arbitrage portfolio (Campbell and Kyle, 1993). We measure the index volatility using the high-low Parkinson (1980) estimator. 10 When deciding to exploit arbitrage signals, traders must balance the observable profit with the costs associated with the arbitrage strategy. Our proxy for the total cost borne by the least-cost arbitrageur is the sum of 1% of the options price, the daily estimate of the effective spread for the basket of stocks that constitutes the CAC 40 index 11 plus a short-selling costs of 1% so that short sellers receive only 99% of the proceeds (Kamara and Another impediment to arbitrage we focus on in this paper is market liquidity. Traders always face a tradeoff between immediacy costs and the risk of adverse price movements when delaying their trades. Illiquid markets make this tradeoff all the more critical and could thus deter traders from entering in arbitrage trades. Hence we hypothesize that TTNA is positively related to illiquidity. We proxy for the liquidity in options markets by the activity on the call and put options contracts as measured by the total number of trades for the series of call and put options included in the arbitrage portfolio, over the corresponding trading day. We also include the maturity and the moneyness of the series as additional proxies for the liquidity of the options since trading generally concentrates on the nearby maturity and on near-and out-of-the-money options contracts. For maturity, we use dummy variables that take on the value one if the option belongs to the corresponding maturity and zero otherwise (Mat1 stands for options that expire by the end of the current month, Mat2 for options with maturity between two and three months and Mat3 for options with maturity more than three months). Moneyness is measured as log (|I t − Ke −r | /Ke −r ). Existing imbalances in the activity of call and put options series may complicate the execution of the option leg of the arbitrage. We define the imbalance as the differential activity between the two options contracts. Liquidity in the underlying index should also be critical given that the index constitutes one leg of the arbitrage. We proxy for the liquidity in the index by two variables. First, we use the activity on the constituent stocks as measured by the total trading volume in billion euro over the corresponding trading day.
Second, as the arbitrageurs are given the opportunity to trade the index through the ETF, we also include a variable that takes on the value zero before the introduction of the ETF and the trading volume in the ETF in billion euro after its introduction.
The index value is disseminated every 30 seconds on the basis of the last trading prices of the constituent stocks. Staleness in stock prices may result in the index value not reflecting accurately the price of the underlying basket. Staleness may be related to temporary difficulties in trading a stock and may thus lengthen the return to no arbitrage. For each deviation we compute the duration between the pairing time and the last transaction of each CAC 40 constituent stock.
The value for the Staleness variable on a given deviation is defined as the maximum of the log of the individual durations.
EMPIRICAL DETERMINANTS OF THE PERSISTENCE OF ARBITRAGE OPPORTUNITIES
We use a maximum likelihood approach to obtain estimation results for the time to no arbitrage.
The estimation is first performed using an intercept-only specification (with no covariates) to infer the characteristics of the failure mechanism of our sample of TTNAs. We then estimate an accelerated failure time specification to isolate the incidence of the covariates previously defined.
[ Table 2 about here.] Table 2 reports the results for the intercept-only model in the first column. First, the regression coefficients are significantly different from zero, which means that there is significant persistence of arbitrage opportunities. From these coefficients, we can recover the estimated expected and median TTNA as Γ (1 + 1/α) λ 1/α and [(log 2) /λ] 1/α , respectively. Consistent with the summary statistics on TTNA, convergence to no arbitrage exhibits some persistence, the estimated average (median) duration of deviations is 27:28 minutes (7:52 minutes), which are quite long durations. Second, the regression coefficients can be transformed back to the original time scale as λ = exp(−µ/σ) and α = 1/σ. Withα equal to 0.8432, the hazard rate is decreasing. 12 Therefore, the probability that an arbitrage opportunity disappears in the next instant is highest shortly after it is first detected. This is at odds The results of the AFT specification are also reported in Table 2 . Model 1 only includes the liquidity and risk covariates, Model 2 also includes transaction costs 13 and Model 3 includes both transaction costs and ex post profits. The results strongly support the major role that limits to arbitrage play in the process of convergence to no arbitrage. In every regression, the chi-square statistic rejects the null hypothesis that the parameter estimates are jointly zero at near-zero significance levels and most variables are significantly different from zero at the 1% level. Hence, the persistence time of arbitrage opportunities is systematically related to the proxies we use to measure the intensity of limits to arbitrage.
The results strongly support the role of liquidity as a determinant of time to no arbitrage. The negative coefficient for ActivOpt indicates that the more active the options market, the shorter the time to no arbitrage. The coefficient for RatioOpt is positive, which is consistent with the hypothesis that differences in liquidity between call and put options of a given series impede the arbitrage process. Furthermore, the coefficients on variables Mat2 and Mat3 are positive, which supports liquidity considerations since the nearest contracts are the most actively traded ones.
In contrast, Moneyness is never significant at conventional levels although moneyness is usually considered as a proxy of liquidity of options markets (Kamara and Miller, 1995). Our selection process is such that the options series of our dataset necessarily reflect trading features.
We require that call and put options trade within one minute to form a matching pair, which produces only a small number of observations for far out-of-the-money series. Studies based on closing data arbitrarily produce observations for every option series for which there has been at least one trade throughout the trading day. By comparison, our sample mainly consists of nearthe-money options series so that the thin trading argument that generally applies to moneyness may not be relevant in our study.
The ease in trading the index also strongly affects the arbitrage process. First, the liquidity of the CAC 40 constituent stocks is critical as indicated by the negative coefficient on the variable ActivCAC, even when arbitrageurs can trade the index through the ETF. Second, the positive coefficient on the variable Direc indicates that short-hedge deviations are more likely to persist than long-hedge deviations. This result is in line with the costs and difficulties associated with taking a short position on the underlying index. In contrast, although the coefficient on the variable Staleness has the expected sign, it is not significant but for Model 3. Temporary difficulties in trading at least one of the index constituent stocks, as captured by our variable, do not have a substantial effect on the persistence of arbitrage opportunities.
We also find evidence of a significant negative relationship between volatility and time to no arbitrage. A priori, the direction of this effect is ambiguous. In line with Campbell and Kyle (1993) and Kamara and Miller (1995) , volatility makes arbitrage riskier since it increases the probability that a trader will face adverse price changes by the time the arbitrage portfolio is built, which should result in a longer TTNA. Alternatively, there could be a mechanical effect in which greater volatility increases the probability that the index value is consistent with PCP in the next instant. Such a circumstance should occur more frequently in the presence of 'small' arbitrage opportunities. Overall this mechanical effect appears to be the dominant one in our sample.
The 
The incidence of outliers
The distributions of times to efficiency depicted in Figure 2 raise concerns about the existence of outliers and their incidence on our estimation results. We look further into the causes of these large times to no arbitrage by focusing on the 10.08% of the deviations that persist more than one hour 15 . Clearly, there must be some serious impediments to arbitrage for these observations.
First, we investigate whether factors not controlled for in the analysis may be responsible for these abnormal durations (e.g. announcements of change in the dividend policy for one of the index constituents or unexpected intraday changes in the interest rates). Would it be the case, any deviation recorded over the deviation window would face the same constraints and exhibit comparable durations. Actually, we find that, in 238 out of 407 cases, deviations persisting for short durations (less than 20 minutes) are also recorded within the same window.
Second, these abnormal durations fit into the framework of limits to arbitrage since the constraints associated with these observations are more stringent compared with the rest of the sample. In particular, the observations associated with abnormal durations are mostly short hedge deviations (305 out of 407) with a median distance to maturity of 29 days (compared to 15 days), a median of 21 options trades of the same series over the day (compared to 45) and a staleness in the index of 3:42 minutes (compared to 2:35 minutes). In these extreme market conditions, arbitrage signals that initially exhibit a positive profit value are presumably too risky to trigger market reaction.
Finally, these very long durations do not drive the decreasing hazard we document. We performed the analysis excluding the 5% and the 10% longest durations, and the 5% and the 10% largest profit values. The results, not reported to conserve space, remain qualitatively unchanged and the hazard rate remains decreasing for all subsamples.
Robustness to stale options prices
Staleness in the index values is controlled for in the analysis through the introduction of the variable Staleness. Another potential concern is staleness in the options prices. We compute TTNAs with the last options transactions prices although the time between successive options transactions can be long. The options prices we use will be stale if quotes have been revised and no options transactions occurred. 16 In this situation, our measure only provides an upper bound for the actual duration of the arbitrage opportunity. 17 While unable to achieve greater precision in computing the TTNAs due to the unavailability of quotes data, we can address this issue by considering a generalized version of our estimation procedure known as interval censoring. 18 Suppose that, at time 0, transaction prices first deviate from put-call parity. At time T 1 a trade takes place on the options market and the associated computed profit is still positive. At possible (uncensored) time T 2 , a new transaction price is recorded, that translates into either a zero or negative computed arbitrage profit. In between, quotes might have been revised so that they are consistent with no arbitrage. Accordingly, the likelihood function is modified as follows. For uncensored observations, the probability that an arbitrage opportunity i disappears within the interval (T 1,i , T 2,i ] is given by S(T 1,i ) − S(T 2,i )
where S(·) denotes the survival function. For right-censored observations, we know only that the time to no arbitrage is greater than T 1,i so that the appropriate quantity is S (T 1,i ) . Using the same notation as in (4), the likelihood function is then:
where δ i takes on the value one when time T i is uncensored and zero otherwise. Inclusion of covariates follows the same line as in section 2.3..
[ Table 3 about here.]
The intercept-only and ATF results for this interval-censoring specification are reported in Table 3 . They are qualitatively unchanged: the hazard rate is decreasing and the estimates exhibit the same signs and significance as in the right-censored analysis. Overall, our approach is robust with respect to the possible existence of stale options prices, and the set of explanatory variables that we employ determines the speed of convergence to no arbitrage.
Implications for the options market efficiency
We investigate how market conditions impact the probability that an arbitrage opportunity is eliminated through a sensitivity analysis, which allows us to translate the parameter estimates for the different covariates in terms of duration. We use two related measures: the survival function and the hazard rate. For given market conditions Z i , we compute the correspond-
Weibull specification for the baseline functions S W and h W . The analysis is performed for se-lected determinants by allowing the continuous explanatory variable of interest to take on 10%, 25%, 50%, 75% and 90% percentile values while all other explanatory variables are held fixed at their sample median value.
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[ Figure 4 about here.]
The survival curves depicted in figure 4 exhibit a decreasing convex pattern that stems from the decreasing hazard we document in Section 4.2. Differences in convexity indicate how the hazard rate decreases in a given explanatory variable. We first analyze the influence of maturity.
For the longest maturities, the estimated probability that an arbitrage opportunity survives after 20 minutes is 54.66%, with a corresponding 16.99% probability for the shortest maturity. It takes 4:26 minutes for half of the opportunities to disappear for the shortest maturities whereas 78.96% are still alive at the same time if the underlying options are to expire after three months.
The instantaneous failure rate associated with one-month contracts is 193% higher compared with the contracts associated with the longest maturities. These results suggest that the nearby maturity is the most intensively monitored by market participants and thus we focus on this specific contract in the remainder of the analysis.
The other liquidity variables (ActivOpt, RatioOpt and ActivCAC), though statistically significant, yield smaller differences in the survival and hazard rates of arbitrage opportunities.
Although the impact of each of these variables is weak, summing their marginal effects implies important differences in a high liquidity / low liquidity scenario comparison. Setting these variables to their best 10% values results in a hazard rate that is 147% higher than for the worst 10% values. This result, combined with the major impact of maturity, illustrates the key impact of liquidity on the failure rate of arbitrage opportunities in the options market, as seen in the 'Comparative scenarios' figure. Illiquidity appears as a major economic determinant of the persistence time of arbitrage deviations.
The patterns associated with volatility do not generate substantial differences in the hazard rate. We previously documented a mechanical effect associated with volatility. Although this effect is statistically significant, its economic relevance is small. Under median conditions for volatility (14.30% annual), we estimate that 31.64% of the deviations should still be profitable after ten minutes. With a volatility equal to its 10th percentile value (6.78% annual), the estimated survival probability rises to only 35.35%. In terms of hazard rates, halving the volatility results in a decrease of but 9.63%, so that volatility per se has only a marginal effect on the speed of convergence to no arbitrage. This weak effect may be due to the ambiguous effect that volatility has on time to no arbitrage, with the mechanical effect counterbalanced by a risk effect.
Finally, the availability of an ETF tracking the index leads to lower estimated survival probabilities. It takes 1:05 minute for the market to eliminate 25% of the deviations when the ETF exists against 1:50 minutes before its introduction. The next 25% are eliminated in the subsequent 3:21 minutes in the former case versus 5:41 minutes in the latter. These results show that the relaxation of a limit to arbitrage, in this case the introduction of the ETF, results in faster convergence of prices to no arbitrage values.
Conclusion
On options markets, deviations with respect to arbitrage relationships are temporary. We show that, eventually, prices typically revert to no arbitrage levels but the time it takes for reversion to occur exhibits substantial variation. Using survival analysis, we analyze the properties of this time for the French index options market and relate it to the constraints investors confront in their arbitrage activity. We find that a Weibull distribution together with an accelerated failure time specification provides a sensible fit to the durations of inefficiencies. We show that the survival time of arbitrage opportunities exhibits a decreasing hazard rate: the probability of an arbitrage opportunity disappearing in the next instant is at its highest shortly after it has been detected. This "early failure" feature is consistent with the existence of limits to arbitrage restricting the activity of arbitrageurs to a subset of deviations.
We find that the persistence time of arbitrage opportunities is systematically related to conventional limits to arbitrage but also to the liquidity of the index and options markets. In particular, we show that liquidity-linked variables, such as the volume on the options market, the imbalance between put and call options volume, the trading volume of the index constituent stocks and the time to maturity are critical for the speed of reversion of arbitrage profits. Furthermore, the results of the sensitivity analysis illustrate the significance of the joint incidence of liquidity variables: the probability of a deviation returning to no arbitrage values in the next instant is 147% higher on a liquid market than it is on an illiquid market.
The results show that the introduction of an ETF affects survival rates enough to produce highly noticeable differences in expected duration. However, it appears that this impact essentially stems from the reduction in the level of potential arbitrage profits. Nonetheless, if the speed of reversion to no arbitrage values is considered a measure of efficiency, then ETFs appear to be a valuable lever for increasing the degree of efficiency the market can achieve. 2 Put-call parity was formalized by Stoll (1969) for at-the-money options and extended for non-payout protected options on dividend paying shares by Merton (1973).
3 Multiple transactions for options having the same characteristics are at times recorded during the same minute, with different transaction prices. In this case, we keep the premium that leads to the smallest profit. In the case of long hedges (short hedges), we therefore use the most (less) expensive calls and the less (most) expensive puts.
As a result, we obtain a lower bound for TTNA. We have also estimated an upper bound by deriving the profit with the premium that leads to the highest value. Results, available on request, are only marginally modified since transactions, when recorded simultaneously, rarely exhibit significantly different premia. 4 Alternatively, the updating process can be stopped as soon as the profit drops below an arbitrary efficiency boundary ε > 0 rather than zero. Results based on this specification with ε set to 1 and 5 index points remain qualitatively unchanged. the close, followed by a closing call auction (fixing) at 5.30 pm. 9 The settlement value is equal to the mean of all index values calculated and disseminated between 3:40 pm and 4:00 pm on the expiration day. 10 We first compute a 10-minute volatility from the 20 index values that immediately precede a given matching using the high-low Parkinson (1980) estimatorσ 10 = (log I max − log I min )/(2 √ ln2) where I max and I min are the maximum and the minimum of the index value over the 10-minute interval. We then transform the 10-minute volatility into an annual volatility using the standard annualization formula. Notice that the Parkinson estimator requires regularly-spaced price series, and is therefore applicable since the CAC 40 index value is disseminated every 30 seconds.
11 For each day, we first estimate, for each stock in the CAC 40 index, the percentage effective spread following Roll (1984) . We then compute the effective spread for the basket as the value-weighted average of the CAC 40 index constituent stocks spread estimates. 12 The Weibull distribution can accommodate increasing, constant or decreasing hazard depending on the value of the shape parameter. The intercept-only specification is necessary as the constant µ is contaminated in the AFT regression by the presence of the dummy variables on maturity, on the direction of the deviation and on the existence of the ETF that replicates the CAC 40 index. 13 In addition to the specification of the transaction costs presented in Section 4.1. we also consider an alternative in which, after the introduction of the ETF, the cost of trading the index is measured by the percentage effective spread of the ETF. Results, available upon request, are unchanged.
14 We also examined the performance of other common distributions such as log-logistic and log-normal. The hazard plots we obtained yield clearly inferior, though acceptable fit, compared with the Weibull specification. We also tried to fit the data using a generalized gamma specification, but were unable to get a converging result when performing the likelihood maximization. All results are available upon request. 15 Out of the 407 deviations that exhibit durations longer than one hour, 260 return to values compatible with no arbitrage and 147 are censored. 16 Staleness should not be an issue for the identification of initial deviations since (i) we use trade prices and (ii)
we impose a tight synchronicity constraint for the transaction time of the three instruments that form the arbitrage portfolio. When we relax the synchronicity constraint and match option trades within a two-minute window instead of one, we obtain qualitatively unchanged results with 2102 additional observations: the proportion of outliers (TTNA longer than one hour) is not significantly different and regression coefficients keep the same sign and significance. As a further check,we also performed the analysis using a more recent dataset in which trades are The maximum likelihood parameter estimates, with the corresponding standard errors and z-statistics are reported for the 4,252 sample matchings both for the intercept-only (Panel A) and the Accelerated Failure Time (Panel B) specifications with interval-censoring. The explanatory variables (covariates) are (i) the total number of transactions for the series of call and put options that are included in the arbitrage portfolio over the day (ActivOpt); (ii) the imbalance between the call and put options transactions (RatioOpt); (iii) and (iv) the maturity of the series (Mat2, Mat3); (v) the moneyness of the option series (Moneyness); (vi) the direction of the deviation (Direc); (vii) the total volume traded for the CAC 40 index constituting stocks over the day (ActivCAC); (viii) a measure of the staleness in the index values (Staleness); (ix) the index volatility (Volat); (x) the availability of the CAC 40 ETF (ETF) and (xi) the total volume traded for the CAC 40 ETF over the day (ActivETF). Log-likelihood test between the intercept-only and the AFT specifications is reported in Panel C. The null hypothesis for the χ 2 test statistic is that the covariates do not improve the explanatory power of the model. Asterisks * * * , * * , * denote the rejection of the null hypothesis at the 1%, 5% and 10% levels, respectively, in a bilateral test. The likelihood ratio statistics follows a χ 2 distribution with 11 degrees of freedom. Estimated survival functions are plotted for different levels of the option series characteristics: maturity (Mati), activity in the options market (ActivOpt), imbalances between call and puts (RatioOpt), a high liquidity/low liquidity scenario, volatility of the CAC 40 index (Volat) and explicit transaction costs (Costs).
